Introduction {#sec1}
============

Colloidal synthesis is an important tool in the toolbox of chemists to develop new nanomaterials such as iron oxide nanoparticles (IONPs), gold nanoparticles, semiconducting materials, and so forth for the demands of today's industries. Among various nanomaterials, magnetic IONPs have received significant attention because of their numerous advantages such as inexpensive method of synthesis, physical and chemical stability, biocompatibility, and low environmental impact of manufacturing, thereby offering many unique advantages over other materials.^[@ref1]−[@ref9]^ Out of eight different forms of IONPs discovered so far, hematite (α-Fe~2~O~3~), magnetite (Fe~3~O~4~), and maghemite (γ-Fe~2~O~3~) are very common and interesting due to their polymorphism property that involves temperature-induced phase transition.^[@ref10]^ Moreover, magnetite and maghemite exhibit many unique features such as superparamgnetism, high coercivity, low Curie temperature, and high magnetic susceptibility.^[@ref10],[@ref11]^ These properties make them outstanding candidates in multiterabit storage, catalysis, biosensors, targeted drug delivery, magnetic hyperthermia, high-sensitivity bimolecular magnetic resonance imaging, bioseparation, and thermoablation.^[@ref10],[@ref12]−[@ref15]^ γ-Fe~2~O~3~ and Fe~3~O~4~ are synthesized mainly using the hot-injection (HI) method.^[@ref16],[@ref17]^ This well-established method is used to synthesize uniformly sized colloidal IONPs in laboratory settings by giving scalable yield with precise size and shape control.^[@ref18]−[@ref21]^ However, the HI method is limited due to uneven nucleation during the rapid injection of the precursor during initial mixing, which limits heat and mass transport of the molecules.^[@ref21],[@ref22]^ Additionally, this method strictly requires the use of a solid precursor and is difficult to scale up to large amounts of nanomaterials.^[@ref23]^

To address the issues of the HI method, Sun et al. have shown highly uniform magnetite NPs through iron (Fe)--acetylacetonate decomposition by annealing at 320 °C in high-boiling octadecene. The authors have demonstrated as much as 40 g of monodisperse IONPs generated without any size-selection process in a single reaction. Furthermore, Hyeon et al. have reported the nonhydrolytic method of synthesis of monodisperse and highly crystalline γ-Fe~2~O~3~ ranging from 4--16 nm diameter in size.^[@ref6]^ However, these synthetic protocols are complex and required a mixture of multiple solvents (octyl ether and oleic acid) and long heating time followed by refluxing. On the other hand, the inductive heating (IH) method for the synthesis of colloidal nanomaterials achieves high heating rates (100--200 °C/s), thus producing similar outcomes as expected for hot-injection methods.^[@ref21],[@ref22]^ This methodology relies on a specialized IH reactor with steel balls placed inside where the reactor sits within an induction coil that rapidly heats up the steel balls producing a boiling solvent and decomposition of precursor molecules. The boiling point of the solvent can be used as built-in temperature control for achieving various final temperatures without the need for annealing and reflux. Since the glass reactor itself is not heated, the temperature of the apparatus can drop quickly following the heat up process, allowing the synthesis of very small nanomaterials or proto nanocrystals. Here, we have explored the use of IH for IONP synthesis proving the techniques' ability to control size and size distribution. In addition, the use of heated steel balls allows creating a reductive environment to reduce oxygen contamination for the preparation of oxygen-sensitive nanomaterials such as iron, as shown in this work.

From the synthesis point of view, an important consideration is to prepare nanoparticles (NPs) in shorter reaction times, avoiding aging, and annealing. The motivation for this work comes from the technological need for the rapid single-step synthesis of monodisperse and uniform IONPs. In this paper, we demonstrate a rapid, relatively safer, and single-step alternative approach to synthesize IONPs within seconds via the IH technique. The size, magnetic behavior, and crystallinity of the synthesized IONPs using different precursors and solvents at different reaction times are studied. The average size of the synthesized IONPs ranges from 3 to 11 nm in diameter. Importantly, the size of IONPs is dependent on the reaction time and type of the solvent used. Considering benefits over conventional methods, this method can be considered simple, safer, and has the potential to provide an industrial level scale-up synthesis.

Results and Discussions {#sec2}
=======================

IONPs were synthesized at atmospheric pressure with various heating times, precursors, and solvents to explore how nanoparticles are formed during IH and determine the level of size and size distribution that can be easily achieved under the operating conditions of the inductive heater. Our goal was to focus on short-term heating effects to explore the impact of the heating rates on the nanoparticle formation. Due to the rapid heating time of the inductive heater, the solvent temperature quickly rises until it reaches the boiling point of the solvent. The final temperatures of the solution are determined by the boiling point of the solvent, which acts as a built-in temperature control during synthesis. Here, we utilize solvents such as 1-octadacane (*T*~bp~ = 314 °C), oleylamine (*T*~bp~ = 350 °C), and trioctylamine (*T*~bp~ = 367 °C). In addition, we demonstrate the use of a high concentration of traditional hot-injection precursors such as Fe(CO)~5.~ The concentrations of Fe(CO)~5~ are almost 44 times higher here than typically used in literature for typical hot-injection methods.^[@ref24]^ This allows the exploration of new synthesis regimes not accessible by the hot-injection method, which could result in exotic structures (not demonstrated here). While in many cases there is an optimal ratio of the solvent to the precursor, the IH technique can achieve these higher concentrations, which would potentially lead to high supersaturation concentrations desirable for the separation of nucleation and growth steps.

Synthesis of IONP from Fe (CO)~5~ in Oleylamine {#sec2.1}
-----------------------------------------------

The synthesis of IONPs from Fe(CO)~5~ in the oleylamine solvent is one of the most common combinations used in the typical hot-injection method.^[@ref25]^ The effect of the heating time via IH is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The heating time can be easily varied from 1 to 10 s, but beyond this period, the solvent rapidly boils off preventing longer synthesis times. To further increase the exposure of the solution to high temperatures, two times 7 s heating was used with a 2 min break between the additional heating. The resulting sizes of the synthesized IONPs range from 3 to 11 nm, which is dependent on the reaction time and type of the solvent used in synthesis. Although the reaction is performed under argon, the particles are exposed to oxygen during the separation and purification step. The size of IONPs increases from 3.7 ± 0.6 to 6.6 ± 0.7 nm as the reaction time increases from 5 to 7 s. Surprisingly, the size decreases to 5.1 ± 1.3 nm when the reaction mixture was heated to 10 s, which is likely due to the high supersaturation resulting in increased nucleation rates. The fast nucleation rate depletes the precursors from the solution resulting in a smaller average size of the NPs (but larger yield). When the reaction is performed in two steps by heating the reaction mixture for 7 s twice with a break between heating cycles, the size increased to 7.3 ± 1.4 nm, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D,H.

![Transmission electron microscopy (TEM) images of IONPs produced using 0.8 M Fe(CO)~5~ and oleylamine at different reaction times (A) 5 s, (B) 7 s, (C) 10 s, and (D) 14 s (7 + 7 s). (E)--(H) are the particle size distribution plots, respectively.](ao0c02793_0001){#fig1}

As the reaction time is increased, the crystallinity of the synthesized nanoparticles changed from amorphous to highly crystalline particles, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The HRTEM images of IONPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--C) indicate 032, 117, and 022 lattice planes of γ-Fe~2~O~3~ nanoparticles, respectively. These lattice planes are consistent with literature values.^[@ref26],[@ref27]^ This is supported by lattice spacing data from the crystallography open database (COD) as well as density functional theory (DFT) calculations as reported by Grau-Crespo et al. While comparing γ-Fe~2~O~3~ and α-Fe~2~O~3~ (hematite), diffraction patterns from the COD show that γ-Fe~2~O~3~ has characteristic peaks resulting from 2.95, 3.30, and 3.40 Å lattice spacing, whereas α-Fe~2~O~3~ does not. The HRTEM analysis yields several lattice spacing measurements of 2.95, 3.30, and 3.40 Å, indicating the material must be in the γ phase.^[@ref27]^ It is also observed that with the increase in reaction time, IONPs changed from multidomain to a single domain. Additionally, the powder X-ray diffraction (PXRD) spectra of IONPs with heating 7 + 7 s confirm γ-Fe~2~O~3~ (Supporting Information, [Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)), which is in close agreement with previously reported results.^[@ref26]^

![High-resolution TEM (HRTEM) images of IONPs produced using 0.8 M Fe(CO)~5~ and oleylamine at different reaction times (A) 7 s, (B) 10 s, and (C) 14 s (7 + 7 s), indicating 032, 117, and 022 lattice planes of γ-Fe~2~O~3~ nanoparticles, respectively.](ao0c02793_0003){#fig2}

Next, the impact of the monomer concentration on the NP size and size distribution is investigated. The concentration of the monomer was increased from its initial 0.8 to 3.35 M and to 7.5 M that is about 10 times higher than typically used in hot-injection synthesis methods. The average size of IONPs almost doubled after a short period (5 s) of heating time. When the concentration of the precursor molecule is increased by almost four times ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C), then crystalline nanoparticles were formed even while heating for only 5 s (Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)). In PXRD peaks corresponding to [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A (Supporting Information, [Figure S3C](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)), the diffraction planes of 2θ correspond to \[012, 110\] and \[022\] planes. This indicates the formation of crystalline IONPs. However, the PXRD analysis shows the mixture of peaks for maghemite and hematite, which is probably due to the higher concentration of the available oxygen during and post synthesis purification.^[@ref27],[@ref28]^ The increase in size was not so significant as the concentration of the precursor was increased from 3.35 to 7.5 M ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B) when the precursor is increased from 0.8 to 3.35 M. The result is not surprising since the nucleation is a stronger function of the supersaturation than the NP growth under diffusion-limited growth conditions.^[@ref21]^ The excess decomposition products from the precursors likely to also interfere with the monomer followed by the decomposition and reduce the available ligands/monomer, which would lead to reduced size distribution as shown below for the higher concentration data.^[@ref21],[@ref22]^ The IH method allows to explore synthesis conditions at higher precursor concentrations since a larger portion of the reaction mixture is held above the decomposition temperature of the precursors.^[@ref20],[@ref25],[@ref29]^

![TEM images of IONPs produced using 3.35 M Fe (CO)~5~ and oleylamine at different reaction times (A) 5 s and (B) 10 s. (C) and (D) are the particle size distribution plots, respectively.](ao0c02793_0004){#fig3}

![TEM images of IONPs produced using 7.5 M Fe (CO)~5~ and oleylamine at different reaction times (A) 5 s and (B) 10 s. (C) and (D) are the particle size distribution plots, respectively.](ao0c02793_0005){#fig4}

Synthesis of IONP from Fe (CO)~5~ in Trioctylamine {#sec2.2}
--------------------------------------------------

A similar experiment was performed using the same precursor under identical conditions of concentration and reaction time but with the different solvent having a higher boiling point than that of oleylamine ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![TEM images of IONPs produced using 0.8 M Fe(CO)~5~ and trioctylamine at different reaction times (A) 5 s, (B) 7 s, (C) 10 s, and (D) 14 s (7 + 7 s). (E)--(H) are the particle size distribution plots, respectively.](ao0c02793_0006){#fig5}

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, larger-sized NPs (5.0 ± 1.3 nm as opposed to 3.7 ± 0.6 nm) were formed using Fe(CO)~5~ and trioctylamine vs oleylamine even in a shorter heating time (5 s). This increase in size is attributed to the higher boiling point of trioctylamine (bp = 367 °C) compared to oleylamine (bp = 350 °C). Most likely the trioctylamine lowered the decomposition rate of Fe(CO)~5~; hence, larger nanoparticles were formed as compared to the use of oleylamine in a shorter heating time. The size increased as the heating time increased from 5 to 7 to 10 s. The seed growth method is also used in this experiment, and it resulted in a larger size of NPs (size 7.1 ± 1.5 nm, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D,H) as compared to the size of nanoparticles produced after heating only 7 s. Park et al. have reported ultra-large-scale synthesis of 22 nm-sized IONPs using trioctylamine. Thus, synthesized IONPs were prepared by mixing iron oleate complex, oleic acid, and trioctylamine by ramping 340 °C at 3.3 °C/min under reflux for 1 h.^[@ref3]^ However, their approach requires longer reaction time and multiple precursors for synthesis. In contrast, the IH method used here produced IONPs using a single precursor and ultrashort reaction time. Additionally, particles also changed from amorphous to crystalline with an increase in reaction time, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A--C is the HRTEM image of corresponding NPs indicating 222, 025, and 026 lattice planes of γ-Fe~2~O~3~ nanoparticles.^[@ref27]^ In the corresponding PXRD spectra of [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C, the diffraction peaks of 2θ corresponds to \[012\] and \[013\] planes, which indicate the pure phase of γ-Fe~2~O~3~ nanoparticles (Supporting Information, [Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)). These values are closely in agreement with the previously reported work.^[@ref27],[@ref30]^

![HRTEM images of IONPs produced using 0.8 M Fe(CO)~5~ and trioctylamine at different reaction times (A) 7 s, (B) 10 s, and (C) 14 s (7 + 7 s), indicating 222, 025, and 026 lattice planes of γ-Fe~2~O~3~ nanoparticles, respectively.](ao0c02793_0007){#fig6}

Synthesis of IONP from Fe (CO)~5~ in 1-Octadecane {#sec2.3}
-------------------------------------------------

The straight chain of hydrocarbon in 1-octadecane makes it weaker binding ligand as compared to oleylamine and trioctylamine. Experiment series was performed using the same precursor in 1-octadecane under identical conditions of concentration as before ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![TEM images of IONPs produced using 0.8 M Fe(CO)~5~ and 1-octadecane at different reaction times (A) 5 s, (B) 7, (C) 10 s, and (D) 14 s (7 + 7 s). (E)--(H) are the particle size distribution plots, respectively.](ao0c02793_0008){#fig7}

The data in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} show that the IONPs synthesized using 0.8 M Fe(CO)~5~ and 1-octadecane are double in size than synthesized using Fe(CO)~5~ and oleylamine (7.4 ± 2.5 nm as compared to 3.7 ± 0.6 nm), with the same concentration and the same heating time, i.e., 5 s. These particles are also larger in size as compared to those synthesized using trioctylamine as a solvent (7.4 ± 2.5 nm as compared to 5.0 ± 1.3 nm) under the identical conditions of concentration, i.e., 0.8 M and reaction time, i.e., 5 s. The size of nanoparticles increased with an increase in reaction time as discussed in previous sets of experiment that was carried out using oleylamine and trioctylamine. However, this set of experiments did not produce monodisperse IONPs as discussed in the literature, but iron NPs.^[@ref3]^ Unni et al. also synthesized monodisperse magnetic IONPs by the extended LaMer thermal decomposition route in the absence of oxygen using iron oleate complex and 1-octadecane by mixing at 350 rpm at a controlled temperature of 350 °C for 5 h.^[@ref31]^

The HRTEM analysis of these particles shows 011, 011, and 002 lattice planes of iron NPs ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) and PXRD of the NPS ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).^[@ref32]^ As can be seen from Supporting Information [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)A,B, the diffraction peaks of 2θ corresponds to \[011, 002\] and \[001\] planes, which confirms the formation of pure iron NPs.^[@ref32]^ Thus, synthesized iron NPs were heated in an atmospheric oven at 70 °C for a week. Interestingly, the PXRD of these NPs after 1 week also showed diffraction peaks of 2θ corresponding to \[011, 002\] and \[001\] of iron NPs (Supporting Information, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)). This indicates the formation of air-stable iron NPs. This could be explained that 1-octacdecane, being weaker binding ligand, produced larger-sized NPs. As larger particles have a lower surface to volume ratio, they form stable iron NPs instead of oxidizing and forming iron oxides. However, further study is required to support this notion. The crystallinity of iron NPs also changed from amorphous to crystalline with an increase in reaction time like the previous sets of experiments ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A--C).

![HRTEM images of iron NPs produced using 0.8 M Fe(CO)~5~, and 1-octadecane at different reaction times (A) 7 s, (B) 10 s, and (C) 14 s (7 + 7 s), indicating 011, 011, and 002 lattice planes of Iron NPs, respectively.](ao0c02793_0009){#fig8}

![Magnetization vs magnetic field plot for IONPs produced using 0.8 M (A) Fe(CO)~5~ and oleylamine (B); Fe(CO)~5~ and trioctylamine; (C) Fe(CO)~5~ and 1-octadecane at 5, 7, 10 and 7 +7 s heating time.](ao0c02793_0010){#fig9}

Comparison of Magnetic Properties of IONPs {#sec2.4}
------------------------------------------

The magnetic properties of IONPs and iron NPs were studied using a superconducting quantum interference device (SQUID). Tadic et al. have reported that magnetic properties are directly dependent on size, size distribution, shape, and orientation of IONPs.^[@ref33]−[@ref37]^ In their work, they reported that hematite with a size around 10 nm produced blocking temperature and particles with a size around 20 nm produced Morin transition.^[@ref33]^ Furthermore, they have reported hematite saturation magnetization (*M*~s~) around 1.93 emu/g.^[@ref33]^ In another study, they concluded that shape anisotropy affected the coercivity of hematite NPs.^[@ref36]^ They observed that ellipsoid three-dimesional (3D) superstructures of hematite are much higher than that for irregularly shaped hematite NPs.^[@ref36]^ Similarly, physical orientation can be used to achieve either superparamagnetic or ferromagnetic maghemite NPs.^[@ref35]^ Superparamagnetic properties in NPs are attributed to the random orientation of particles, whereas ferromagnetism is related to parallel orientation of particles.^[@ref34],[@ref35],[@ref37]^[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the magnetization (emu/g) vs magnetic field, H (Oe) graph for IONPs obtained using Fe(CO)~5~, and different solvents at different reaction times, at room temperature (298 K) as well as the Fe NPs; data are summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf) in the Supporting Information.

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A shows that IONPs with a size 3.7 ± 0.6 nm has almost zero magnetization. We have observed that with the increasing size from 3.7 ± 0.6 to 7.3 ± 1.4 nm, the shape of *M*--*H* loops for IONPs does not change appreciably, but their *M*~s~ increases from 0 to 20 emu/g. This value is close to *M*~s~ of 11 nm-sized γ-Fe~2~O~3~ synthesized via thermal decomposition of Fe(CO)~5~ as reported in literature.^[@ref38]^ However, it should be noted that the obtained *M*~s~ values are much smaller than those expected considering the bulk *M*~s~ values (74 emu) of γ-Fe~2~O~3~.^[@ref39]^ This could be due to the presence of magnetically disordered atoms at the surface of the NPs, which is common in smaller magnetic NPs.^[@ref40]^ As the particle size increases, the particles change from multidomain to a single domain that can be seen from HRTEM images discussed in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [8](#fig8){ref-type="fig"} and the value of *M*~s~ also increases. Furthermore, a similar trend is observed in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B, but the *M*~s~ of iron NPs using Fe(CO)~5~ and 1-octadecane ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C) increases from 5 to 90 emu/g with increasing size. The increase in M~s~ with an increase in size is attributed to a decrease in a surface spin in binding ligands oleylamine, trioctylamine, and 1-octadecane surface with the increase in particle size.^[@ref41]−[@ref43]^ This value is also smaller than bulk iron NPs (221 emu/g), but its data are consistent with the observation from the structural analysis that 1-octadecane synthesized samples are composed of iron. Those particles also showed smaller hysteresis at different reaction times (Supporting Information, [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)).

Conclusions {#sec3}
===========

A new simple and facile approach has been developed for the preparation of IONPs and air-stable iron NPs by the rapid inductive heating method. The synthesis involved Fe(CO)~5~ as a precursor, a clear advantage over the conventional HI method, using oleylamine, trioctylamine, and 1-octadecane as the solvents. These solvents played the role of binding ligand and reducing agents. The size of the synthesized NPs was dependent on the boiling point of the solvent and reaction time. As the reaction time and boiling point of the solvent are increased, the magnetization of NPs also increased to some extent. Also, this method can be used in the synthesis of a range of nanoparticles sizes (as small as 3 nm to as large as 11 nm), which is another key advantage over the traditional HI method. Interestingly, we have been successfully making stable iron NPs when 1-octadecane is used as a solvent. Overall, it is expected that the inductive heating method will result in further exploration of the topic due to faster, easier, and safer preparation methodology and could easily be scaled up to a gram scale.

Materials and Methods {#sec4}
=====================

Chemicals {#sec4.1}
---------

Oleylamine (70%), trioctylamine (98%), and 1-octadecane (tech. grade, 90%) were purchased from Sigma-Aldrich. All solvents were dried and degassed via boiling under vacuum before use. Iron pentacarbonyl (Fe(CO)~5~) (\>99.99%) was also purchased from Sigma-Aldrich and stored inside a nitrogen-filled glovebox. Methanol, ethanol, chloroform, acetone, and toluene were purchased from Fischer Scientific (ACS grade).

Method of Synthesis {#sec4.2}
-------------------

The synthesis method for IONPs was based on literature^[@ref44]^ with some modifications. The setup for inductive heater and reactor with precursor mix is the same as that of previously reported work by Chikan et al. and Luo et al.^[@ref21],[@ref22]^ Briefly, in this synthesis, iron pentacarbonyl is used as precursor, and oleylamine, trioctylamine, and 1-octadecane are used as solvents. All of the precursors and solvent were mixed inside nitrogen (N~2~)-filled glovebox. In the N~2~-filled glovebox, the stock solution was prepared by stirring the mixture until the precursor dissolved into the solvent resulting in a yellowish solution. Then, the reactor was filled with steel balls (25.92 g, Bearing-Quality E52100 Alloy Steel, Hardened Ball, 1/8″ diameter) and transported to the glovebox. Next, 4 mL of 0.8 M precursor was transferred from the stock solution to the reactor. Following, the reactor was transported to the inductive heater and connected to tubing, which maintains an argon atmosphere throughout the reaction. Then, the reaction mixture was heated in a standard 10 kW inductive heater set at minimum power for 5, 7, 10, and 14 s to see the change in size, crystallinity, and magnetic behavior of synthesized IONPs using varying reaction times, solvents, and precursor molecules. The yellowish solution turns darker black with increasing reaction time, indicating the formation of IONPs.

The synthesized NPs were cooled to room temperature, then isolated by centrifuging using various solvents. IONPs synthesized using oleylamine were isolated by centrifuging with methanol (∼20--25 mL) at 8000 rpm for 10 min followed by sonication. This process was repeated over three cycles. The colorless supernatant was discarded, and the precipitated NPs were then dispersed in small quantities of toluene (3--4 mL) for glovebox storage until further use. IONPs synthesized using trioctylamine were isolated by centrifuging with ethanol (∼20--25 mL) at 8000 rpm for 10 min and repeated for a total of two cycles followed by sonication between each cycle. Then, 2--3 mL of oleylamine was added for ligand transfer, washed with methanol for two cycles, sonicated between cycles, and dispersed in small quantities of toluene (3--4 mL) for glovebox storage until further use. IONPs synthesized using 1-octadecane as the solvent were separated by centrifuging with hexane and acetone in a 1:4 ratio at 8000 rpm for 10 min followed by bath sonication. The NPs underwent three cycles of this process and then were dispersed in chloroform for glovebox storage. Representative steps of the reactor preparation, product formation, and purification are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}.

![Inductive heating reactor filled with the precursor and the solvent (left), the same reactor after the reaction (middle), and magnetic IONPs after purification (right).](ao0c02793_0002){#fig10}

Characterization of IONPs {#sec4.3}
-------------------------

The size and surface morphology of IONPs were analyzed using a transmission electron microscope (TEM) FEI Technai G2 spirit Bio TWIN. The elemental composition of IONPs was measured by energy dispersive spectrum (EDS) using an energy dispersive X-ray analysis (EDAX) detector. The crystal structure of IONPs was analyzed by high-resolution transmission electron microscopy (HRTEM) in an FEI Tecnai F 20X transmission electron microscope at an electron acceleration voltage of 200 kV.

High-resolution transmission electron microscopy (HRTEM) was performed at the University of Kansas's Microscopy and Analytical Imaging (MAI) facility with an FEI Tecnai F 20× transmission electron microscope at an electron acceleration voltage of 200 kV. The TEM samples were prepared by agitating the nanoparticle solution in an ultrasonic bath for 10 min. Five microliters of the sample was placed onto a copper mesh grid with a lacey carbon film. The wet grids air-dried for several minutes prior to being examined under TEM. The particle size and morphology were examined by bright-field and dark-field scanning transmission electron microscopy (STEM). High-resolution images were captured using a standardized, normative electron dose and a constant defocus value from the carbon-coated surfaces. Results were analyzed using TEM Imaging and Analysis (Thermo Fischer Scientific Company, Waltham, MA). The boundary of each measured domain is indicated with red lines (presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf)). The lattice plane of each measurement is shown with red lines along the lattice. Measurements were made by the TIA software's diffractogram and verified via calculating the lattice spacing from the Fourier transform of the region. The white labels beside each measured crystal lattice indicate the lattice spacings for the respective lattice. The acquired lattice spacings of each sample were then compared with reference data supported by the Crystallography Open Database to characterize the sample by chemical composition and space group identification. After characterization, Miller indices and spacegroups were included alongside the lattice spacing measurements.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02793](https://pubs.acs.org/doi/10.1021/acsomega.0c02793?goto=supporting-info).HRTEM images of IONPs produced using 3.75 M Fe(CO)~5~ and oleylamine, EDS of IONPs prepared using Fe (CO)5 and oleylamine, PXRD of IONPs and iron NPs, table summarizing size and magnetization values, and hysteresis of iron NPs using 0.8 M Fe(CO)~5~ and 1-octadecane ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02793/suppl_file/ao0c02793_si_001.pdf))
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